The venom of the banded krait (Bungarus multicinctus), one of the major venomous species in Taiwan, contains neurotoxic venom proteins (B. multicinctus proteins) that pose a serious medical problem in tropical and subtropical countries. Even though horse-derived serum is an efficient therapy against snake venom, it is associated with a high cost and side effects. Therefore, developing a more cost-effective alternative treatment option is highly envisaged. In this study, chickens were immunized with B. multicinctus proteins, and polyclonal immunoglobulin Y (IgY) antibodies were purified from eggs. IgY showed a binding activity to B. multicinctus proteins that was similar to horse antivenin, and its titer in chickens lasted for at least 6 months. We constructed two antibody libraries by phage display antibody technology, which contain 1.0 ؋ 10 7 and 2.9 ؋ 10 8 transformants, respectively. After biopanning, a phage-based enzyme-linked immunosorbent assay (ELISA) indicated that specific clones were enriched. Thirty randomly selected clones expressing monoclonal single-chain variable-fragment (scFv) antibodies were classified into four groups with a short linker and two with a long linker. These selected scFv antibodies showed specific binding activities to B. multicinctus proteins but not to the venomous proteins of other snakes. Most importantly, polyclonal IgY demonstrated a similar neutralization efficiency as did horse-derived antivenin in mice that were injected with a minimum lethal dosage (MLD) of venom proteins. A mixture of several monoclonal anti-B. multicinctus scFv antibodies was also able to partially inhibit the lethal effect on mice. We profoundly believe that IgY and scFv antibodies can be applied in developing diagnostic agents for wound exudates and as an alternative treatment for snakebite envenomation in the future.
IMPORTANCE
Snake envenomation is one of the global medical issues of concern. Horse-derived antivenin is an effective way to treat snakebites, but it is costly and occasionally causes severe side effects. In this study, we first generated and characterized IgY antibodies with neutralization activity in chickens. Subsequently, we generated a panel of monoclonal scFv antibodies using phage display antibody technology. A mixture of scFv antibodies was able to partially inhibit the lethal effect in mice that were injected with lethal dosages of venom proteins and prolong their survival time. We believe that chicken-derived IgY and scFv antibodies have great potential for the development of diagnostic agents for wound exudates and therapeutic agents against snake envenomation in the future. E nvenomation caused by venomous snakes is considered to be a medical issue worldwide, especially in tropical and subtropical regions. Approximately 2,700 species of snakes exist in the tropical regions of the world, 500 of which are venomous (1) . The venomous snakes have been classified into the Viperidae, Elapidae, Colubridae, and Atractaspididae families. Most of the poisonous components of snake venoms are toxins that are classified into hemotoxins, neurotoxins, and myotoxins based on the biological effects on snake bite victims. The Bungarus multicinctus snake of the Elapidae family, which is also called the banded krait, is one of the major causes of snake envenomation in Taiwan. Neurotoxic venom proteins from B. multicinctus contain different toxins, enzymes, and components that damage the central nervous system and cause neuromuscular blockage, which results in different symptoms, such as ptosis and especially paralysis of the respiratory muscles leading to death (2, 3) . Among these components, bungarotoxins, which belong to a three-finger toxin family, are considered the major lethal components in B. multicinctus proteins. Their main function is to block neuromuscular junctions, which ultimately results in death (4, 5) . However, other biologically active components, such as phospholipase A2 in crude venom, may have autonomous effects or synergistic effects with other components (6, 7) . Thus, developing therapeutic agents for specific components has some limitations.
Currently, antibody immunotherapy derived from hyperimmunized horse serum is the most effective treatment against snake poisoning. However, the high cost of generating antibodies in horses and side effects, such as serum sickness, are bona fide problems (8) . To partially solve these problems, extraction of immunoglobulin Y (IgY) antibodies from chicken eggs provides an alternative cost-effective and convenient strategy to substitute for using mammalian antibodies from serum (9, 10) . Chicken IgY, lacking the evocative function on the mammalian complement system or Fc receptor, has been reported as passive immunization for clinical and experimental treatments (11) (12) (13) (14) . Additional advantages of using chickens include inexpensive rearing, the high yield of IgY antibodies (ϳ100 to ϳ150 mg per egg), and a strong immune response elicited by a small amount of antigen, which is most beneficial when collection of venom proteins is difficult (15, 16) . Thus, hens supply a more hygienic, convenient, and costeffective platform to generate neutralizing antibodies against snake envenomation than horses (14, 17) .
Although polyclonal antibodies are an effective treatment for snakebites, they are less specific and cannot be decisively used to develop rapid diagnostic reagents for wound exudates or serum for snakebite victims. In contrast, monoclonal antibodies, such as the single-chain variable-fragment (scFv) antibody that recognizes a single antigenic epitope, have a higher propensity to be used as potential diagnostic and therapeutic agents. Huse et al. broke through the stereotypes and opened up new prospects for the generation of monoclonal antibodies and the development of targeted therapies by constructing antibody libraries using phage display technology (18) . As for animal immunization, chickens are relatively cost-effective hosts to construct antibody libraries to select specific antibodies against various targets (19, 20) . Several studies have indicated that recombinant scFv antibodies show promise in developing agents against snake envenomation (21, 22) . Even though monoclonal antibodies recognize one specific epitope, a combination of different monoclonal antibodies can potentially reduce symptoms of snakebites and increase survival rates. In addition, specific monoclonal antibodies can potentially be used as rapid diagnostic agents, ascertaining the type of snakebites for selecting accurate therapeutic agents within the golden time.
In our study, we attempted to generate polyclonal IgY and monoclonal scFv antibodies with high specificity and neutralization activity against B. multicinctus proteins. After immunizing chickens with attenuated B. multicinctus proteins, IgY antibodies were purified from eggs and scFv antibodies were selected from libraries constructed by phage display technology. Antibodies were characterized for specific binding activity, and the in vivo neutralization efficacy was also determined. These specific IgY and scFv antibodies can be applied in developing diagnostic agents and remedies for deadly envenomation in the future.
MATERIALS AND METHODS
Chickens and mice. Animal experimental protocols were approved by the Institutional Animal Care and Use Committee of Taipei Medical University before the study was initiated. Female chickens (Gallus domesticus) at 6 months of age and ICR mice weighing ϳ12 to ϳ14 g were purchased and maintained in the animal facility of Taipei Medical University.
Chicken immunization. B. multicinctus protein powders were provided by the Centers for Disease Control (CDC), Taiwan, and were dissolved in phosphate-buffered saline (PBS) to a final concentration of 10 mg/ml. Ten micrograms of B. multicinctus proteins was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing condition and visualized with Coomassie brilliant blue staining. After attenuation using 0.125% glutaraldehyde in the dark for 1 h at room temperature (25°C), 100 g of B. multicinctus proteins was mixed with an equal volume of Freund's complete adjuvant for the first intramuscular immunization. Eighty micrograms of B. multicinctus proteins with Freund's incomplete adjuvant was used for subsequent immunizations at 7-day intervals. Eggs were collected before chicken immunization and a week after each immunization for 6 months to purify polyclonal IgY antibodies as described previously (23, 24) .
Antibody library construction. Antibody libraries were constructed as reported in a previous study (25) . Briefly, total RNA molecules were isolated from the spleens of chickens and used as templates to synthesize cDNA using reverse transcriptase, which was subsequently used to amplify the immunoglobulin of light-chain variable regions (V L ) and heavychain variable regions (V H ). V L and V H were joined by a 7-or 18-amino acid peptide linker to form a full-length scFv with a short linker (scFv-S) or with a long linker (scFv-L) through an overlapping extension PCR. After SfiI (New England BioLabs, USA) digestion, scFv genes were cloned into the pComb3X phagemid vector, and the resultant recombinant DNAs were transformed into Escherichia coli strain ER2738 by electroporation (MicroPulser; Bio-Rad, USA). A portion of the transformed E. coli was plated on an LB agar plate containing 50 g/ml of ampicillin (Amp) to calculate the library size. The remaining culture was added into 100 ml of super broth and infected with 10 12 PFU of the VCS-M13 helper phage. After centrifugation to remove the bacterial pellets on the following day, recombinant phages in the supernatant were precipitated using 4% polyethylene glycol 8000 and 3% NaCl on ice for 30 min. After further centrifugation, recombinant phage pellets were resuspended in PBS containing 1% bovine serum albumin (BSA) and 20% glycerol and stored at Ϫ20°C.
Biopanning of antibody library. Enzyme-linked immunosorbent assay (ELISA) plates were coated with B. multicinctus proteins (0.5 g/well) at 4°C overnight and blocked using 3% BSA for 1 h at 37°C. A total of ϳ10 11 to ϳ10 12 PFU of recombinant phages were added and incubated at 37°C for 2 h. After washing out unbound phages using PBS containing 0.05% Tween 20 (PBST), bound phages were eluted with 0.1 M glycineHCl (pH 2.2) followed by the addition of 2 M Tris base buffer. Eluted phages were used to infect E. coli ER2738, and their titers were determined on LB agar plate containing 50 g/ml Amp. Amplified phages in the overnight culture were collected as described above for the next round of biopanning. Four rounds of biopanning were carried out. The recombinant phagemid DNAs were purified from the E. coli after the fourth biopanning and transformed into the E. coli Top10F= strain for analysis of scFv antibody expression.
Expression, purification, and gene sequence analysis of scFv antibodies. An individual clone that was randomly selected from the LB agar plate was grown in super broth containing 20 mM MgCl 2 and 50 g/ml of Amp at 37°C for 8 h. After adding 1 mM isopropyl-␤-D-thiogalactopyranoside overnight, E. coli cells were collected by centrifugation, resuspended in a histidine-binding buffer (20 mM sodium phosphate, 0.5 M NaCl, and 20 mM imidazole [pH 7.4]), and lysed via sonication. The scFv antibodies in the supernatant were purified using Ni 2ϩ Sepharose according to the manufacturer's recommendations (GE Healthcare Bio-Sciences AB) and further concentrated/dialyzed in PBS using Amicon Ultra-4 centrifugal filter devices (Merck Millipore, Germany). Nucleotide sequences of scFv-expressing clones were determined using the ompseq (5=-AAGA CAGCTATCGCGATTGCAGTG-3=) primer, and their putative amino acid sequence V L and V H genes were aligned with those of the chicken immunoglobulin germ line gene (25) .
Western blotting. B. multicinctus proteins were immobilized on polyvinylidene difluoride (PVDF) membranes, which were later blocked with PBS containing 5% skim milk at 25°C for 1 h. Therapeutic horse IgG antivenin or IgY from chickens immunized 7 times was added at 1:1,000 dilution and incubated at 25°C for 1 h. After washing three times with PBST, bound antibodies were detected using horseradish peroxidase (HRP)-conjugated goat anti-horse Fab (Jackson ImmunoResearch, USA) or HRP-conjugated donkey anti-chicken IgY (Jackson ImmunoResearch, USA) for another 1 h. After three washes, the membranes were developed using diaminobenzidine (DAB) substrate until the desired clarity was attained. To analyze their binding specificity, purified scFv antibodies (5 g/ml) were individually added to the membranes containing the venom proteins of Deinagkistrodon acutus, B. multicinctus, Trimeresurus stejnegeri, Trimeresurus mucrosquamatus, Naja naja atra, and Daboia russellii formosensis and detected using goat anti-chicken light-chain (Bethyl, USA) and HRP-conjugated donkey anti-goat antibodies (Jackson ImmunoResearch, USA). Blocking, washing, incubation, and color development were carried out following the same conditions as described above.
ELISA and competitive ELISA. B. multicinctus or BSA proteins were coated on ELISA wells (0.5 g/well) at 37°C for 1 h, which were blocked with PBS containing 5% skim milk for another 1 h. IgY antibodies from preimmunized chickens or from chickens immunized 7 times diluted 2-fold serially from 4,000ϫ to 256,000ϫ were added and incubated at 37°C for 1 h. After washing six times with PBST, bound IgY was detected by HRP-conjugated donkey anti-chicken IgY at 37°C for another 1 h. After washing as above, the binding reactivities were visualized using tetramethylbenzidine (TMB), stopped by HCl, and measured at 450 nm. For phage-based ELISA, each round of amplified phages containing 10 11 to 10
12 PFU was added and detected using HRP-conjugated mouse anti-M13 phage antibodies (Amersham Biosciences, USA). For specific binding assay, purified scFv antibodies (5 g/ml) were incubated with six venom proteins in ELISA wells and detected using goat anti-chicken lightchain and HRP-conjugated donkey anti-goat antibodies. For competitive ELISA, B. multicinctus proteins diluted 2-fold serially from 400 g/ml to 0.40 g/ml were mixed with the scFv antibodies (10 g/ml) at a 1:1 volume ratio. After incubation at 25°C for 1 h, the mixtures were added to the wells, which were coated with B. multicinctus proteins, and incubated at 37°C for another 1 h. The blocking, washing, incubation, and color development were performed following the same conditions as those described above. All ELISA results were represented as the mean plus or minus the standard deviation (SD) of duplicated determinations.
Neutralization effect of antibodies. ICR mice were randomly distributed into groups of nine. To determine the minimum lethal dose (MLD), 1.4, 2.8, or 4.2 g of B. multicinctus proteins in 200 l PBS after incubating at 37°C for 1 h was injected intraperitoneally into mice, respectively. To test the neutralization effect of antibodies, the B. multicinctus proteins of 1ϫ MLD were individually mixed with 4 mg of horse IgG antivenin, IgY from preimmunized or immunized chickens, and 1 or 4 mg of combinations of six anti-B. multicinctus scFv antibodies in 200 l PBS. The mixtures were incubated at 37°C for 1 h and then injected intraperitoneally into mice. The survival rate of the mice was monitored at 1-h intervals for 36 h.
Statistical analyses. For statistical comparison, the ELISA data were analyzed and expressed as means plus or minus standard errors via multiple t tests. The neutralization assays in mice were analyzed via the Gehan-Breslow-Wilcoxon test using GraphPad Prism 6 software (La Jolla, CA, USA). A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Characterization of anti-B. multicinctus IgY antibodies. B. multicinctus venom proteins were analyzed by Coomassie brilliant blue-stained SDS-PAGE (Fig. 1A) . The results showed that B. multicinctus venom was composed of complicated proteins, most of which have molecular masses of less than 16 kDa (Fig. 1A, lane  1) . The IgY antibodies purified from chickens immunized 7 times were examined for their binding activity to B. multicinctus proteins on Western blots. The results indicated that the specific anti-B. multicinctus IgY antibodies were elicited significantly and were able to react with various B. multicinctus proteins (Fig. 1A,  lane 3) . The recognized protein patterns are similar to those recognized by horse-derived antivenin (Fig. 1A, lane 2) . Interestingly, in addition to the major recognition patterns, antivenin showed a strong binding signal to a protein with a molecular mass of around 80 kDa. In contrast, IgY antibodies showed a stronger reaction to a protein of around 10 kDa. The results indicated that the humoral antibody responses are different in horses and chickens immunized with B. multicinctus proteins. Additional experiments need to be carried out to unveil the distinct patterns and natures of these identified proteins. The strong humoral responses were further demonstrated by ELISA analysis (Fig. 1B) . The anti-B. multicinctus IgY had a significant binding activity for optical densities (ODs) of Ͼ1.0 at a 1:128,000 dilution, but no reactive signal was detected in wells coated with BSA. In contrast, IgY antibodies from chickens before immunization showed little binding reaction to B. multicinctus or BSA proteins. To further monitor the process of the antibody response in chickens, IgY antibodies were purified from chickens before immunization, after weekly immunization, and each month after the 7th immunization for examination on ELISA. Compared to preimmunization, these results indicated that the immune response was significantly elicited after the 3rd or 4th immunization to reach a stage of plateau and last for at least 6 months after the 7th immunization (Fig. 1C) .
Construction of scFv antibody libraries and selection of biopanning. The cDNA was synthesized using total RNA extracted from chicken spleens and was used to amplify the V L and V H genes. The amplified V L and V H products were linked by a short or a long peptide linker to form the full-length of scFv gene fragments and were then cloned into a phagemid vector. We constructed two antibody libraries, scFv-S and scFv-L, containing 1.0 ϫ 10 7 and 2.9 ϫ 10 8 transformants, respectively. After infection by M13 helper phages, the recombinant phages displaying scFv antibodies were used for four rounds of biopanning ( Fig.  2A) . The eluted phage titers were determined as around 10 4 CFU in the first round, decreased 10-fold in the second round, and increased to a range of 10 4 to 10 5 CFU in the third and fourth rounds. The phenomenon was commonly observed in our previous studies, suggesting that specific binders were successfully enriched throughout the biopanning procedure (26) . We further confirmed the speculated results of the biopanning process using a phage-based ELISA. The amplified phages were added to the wells coated with B. multicinctus proteins. Compared with those of phages from the original libraries, these results indicated that the binding activity of harvested phages was significantly enhanced after the second panning and reached a stage of plateau after the third round (Fig. 2B) . Even though the nonspecific binding activity of the total phages harvested from the library with the short linker after the final panning also reacted with BSA (Fig.  2B) , these results had no substantial effect on the screening of the specific anti-B. multicinctus scFv antibodies demonstrated in Fig. 4, 5, and 6 .
Analysis, expression, and purification of selected scFv antibodies. We first randomly selected 15 clones from each library to analyze the nucleotide sequences of their V H and V L genes. Sequence comparison showed that four distinct groups of scFv antibody clones were identified in the screened library with short linkers, which were represented by BMS1 (6/15; 40%), BMS3 (7/ 15; 46.7%), BMS6 (1/15; 6.67%), and BMS9 (1/15; 6.67%). Similarly, two different groups were identified in the screened library with long linkers as represented by BML1 (14/15; 93.3%) and BML10 (1/15; 6.67%). The predicted amino acid sequences of these six anti-B. multicinctus scFv antibodies were further compared with those of the chicken germ line gene (Fig. 3A) . The overall mutation rates of amino acid residues in complementarydetermining regions (CDRs) ranged from 25% to 54% in V L regions and 35% to 61% in V H regions. Otherwise, the mutation rates in the framework regions (FRs) ranged from 10% to 17% in V L regions and 6% to 9% in V H regions (Table 1) . Taken together, The humoral immune response in chickens was monitored after the 7th immunization for 6 months. The IgY antibodies from chickens after each immunization were compared with those from preimmunized chickens. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001.
FIG 2 Effect of biopanning. (A)
Antibody libraries constructed with short and long linkers were applied for the biopanning procedure. The titers of eluted phages were determined after each round of panning and monitored for four rounds. (B) Amplified phages from each round of panning were used to test the binding ability to B. multicinctus (BM) proteins on ELISA plates. Anti-B. multicinctus IgY antibodies from chickens immunized 7 times were used as a positive control. The binding activities of the amplified phages from each round of biopanning were compared with those of the phages from original libraries (0). *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001. the analysis of amino acid sequence homology showed that much greater variation was seen in the CDRs than in the FRs, especially in the CDR3 regions of the V L and V H genes with ϳ22% to ϳ90%. The results suggested that these scFv clones were selected from immunized B cells but not directly from naive B cells, which is well known as an antigen-driven humoral antibody response after immunization. Intriguingly, BML1 and BML10 had the same sequence of V H paired with divergent V L to form functional scFv molecules. However, the biological significance of the same V H gene usage is not presently understood. (7) 2/32 (6) 0/11 (0) 6/87 (7) a Dif/Tot, no. of differences/total no.
After expression and purification, the purity and identity of these six scFv antibodies were confirmed with SDS-PAGE and Western blotting. All scFv antibodies contained a protein band of ϳ25 to ϳ37 kDa as expected (Fig. 3B) . Nonetheless, in addition to the major band, the purified BMS9 scFv showed a ladder of other proteins with larger molecular masses. The character of these proteins was not exactly known, but their recognition by anti-chicken light-chain antibodies on Western blots suggested that they may be the different aggregate forms (Fig. 3C) .
Specific binding assay of scFv antibodies and competitive ELISA. Purified anti-B. multicinctus scFv antibodies were used to detect six venom proteins of commonly found venomous snakes in Taiwan. The ELISA showed that these scFv antibodies had binding activities to B. multicinctus proteins at different degrees (Fig. 4A ). BMS1 and BMS3 scFv had weaker binding activities (ODs ϭ 0.5), BMS6 had a moderate activity (OD ϭ 0.7), and BMS9, BML1, and BML10 had stronger binding activities (ODs Ͼ 1.0). Compared with the other snake venom proteins, all of the anti-B. multicinctus scFv antibodies had significant binding activity to B. multicinctus proteins (Fig. 4A) . However, BMS6 showed a weak binding activity (OD ϭ 0.4) to N. naja atra venom containing neurotoxic proteins, and BML10 showed a weak binding activity (OD ϭ 0.3) to D. russellii formosensis venom containing both hemotoxic and neurotoxic proteins. The Western blots showed that purified BMS6 scFv recognized a protein with a molecular mass of around 98 kDa while BMS9, BML1, and BML10 recognized a protein with a molecular mass of around 12 kDa (Fig.  4B ). BMS1 and BMS3 showed no binding signals on Western blots (data not shown). All together, these results indicated that BMS6, BMS9, BML1, and BML10 scFv antibodies recognized B. multicinctus proteins with high specificity. Moreover, the antigenic epitope recognized by the BMS6 scFv is clearly distinct from those recognized by BMS9, BML1, and BML10.
To further confirm the binding specificities of these scFv antibodies, competitive ELISAs were carried out. Before adding to the ELISA wells, six scFv antibodies were premixed with free form B. multicinctus proteins individually. Absorbance values in the absence of free form B. multicinctus proteins were used as 100% to calculate the percentage of inhibitory effects against when different concentrations of free form B. multicinctus proteins were present. As shown in Fig. 5 , the binding activities of these scFv antibodies to B. multicinctus proteins were inhibited in a dosedependent manner. As calculated, 58%, 64%, 40%, 55%, 68%, and 66% decreases in the binding activities of BMS1, BMS3, BMS6, BMS9, BML1, and BML10 scFv antibodies were detected when 50, 200, 200, 6.25, 12.5, and 12.5 g/ml of free form B. multicinctus proteins were used in the mixture, respectively. Taken as a whole, all of the results suggested BMS9 scFv had the strongest binding specificity while BMS6 was the weakest binder. Neutralization assay in mice. We determined the MLD of B. multicinctus proteins for the survival period of mice by administrating 1.4, 2.8, and 4.2 g intraperitoneally (Fig. 6A) . PBS alone was used as a control. The results showed that three mice expired within 2 h, one expired within 4 h, two expired within 5 h, and three survived for the experimental duration when 1.4 g was challenged. In contrast, all mice died within 2 h when 2.8 and 4.2 g were used, while a 100% survival rate was observed in the PBS-challenged group. Thus, 2.8 g of B. multicinctus proteins was defined as 1ϫ MLD and was used for subsequent studies. First, we tested the neutralization efficacy of polyclonal IgY antibodies (Fig. 6B) . IgY antibodies from chickens before immunization had no protective effect, resulting in 100% death of mice within 3 h. In contrast, anti-B. multicinctus IgY antibodies from B. multicinctus-immunized chickens provided complete protection to all of the mice treated by 1ϫ the MLD of B. multicinctus proteins; these results were comparable to those observed in mice challenged with antivenin from a horse immunized with B. multicinctus proteins (Fig. 6B) . Furthermore, we analyzed the neutralization activity of a mixture of monoclonal antibodies containing 1 or 4 mg of six anti-B. multicinctus scFv (Fig. 6C) . As seen in the results, although all of the mice died when challenged with 1 mg of mixed scFv antibodies in the end, the survival times of mice were significantly prolonged compared with those of the PBS-challenged group. Accordingly, when challenged with 4 mg of mixed scFv antibodies, two mice died within 2 h, two survived for 1 h longer, one survived for 2 h longer, one survived for 3 h longer, one survived for 4 h longer, and two survived for the experimental duration (Fig. 6C) . These results suggested that the mixture of anti-B. multicinctus scFv antibodies provided partial and significant protective activities in B. multicinctus-administered mice.
DISCUSSION
At present, poisoning from venomous snakes with high mortality is an often-discussed global health problem. Compared to horsederived agents, with their high costs and side effects, chickens can provide an alternative source of antibodies that is cost-effective and convenient (8, 14) . In our study, we demonstrated that chickens are suitable to elicit humoral immune responses, as we previously observed, and last for 6 months at least (Fig. 1) (26) . Purification of IgY antibodies is also noninvasive and more accessible than that of IgG antibodies from horse serum. Most importantly, we used only about 800 g of B. multicinctus venom proteins for chicken immunization. The amount was 75-fold less than that (60 mg at least) used for horse immunization to generate neutralization antibodies (27) . Furthermore, chicken-derived IgY antibodies did not activate mammalian complement components or bind to Fc receptors, protein A, protein G, and rheumatoid factor as often occurred during use of horse-derived IgG antibodies (28) . Although the application of anti-B. multicinctus IgY antibodies against snakebites is not feasible presently, our results offer an alternative way that the generation of antibodies with neutralizing activities in chickens is viable and more cost-effective than that in horses, in particular when the immunogens are not readily available.
Phage display technology is a powerful tool for identifying specific antibodies against a broad range of targets, including tumorassociated antigens or snake venom proteins (22, 29, 30) . We constructed two libraries to select specific antibodies and obtained six scFv antibodies against B. multicinctus proteins after four rounds of biopanning (Fig. 4) . The libraries from hyperimmunized chickens offered a more effective and feasible way to select specific antibodies from the antibody repertoire as suggested by the results of phage-based ELISA (Fig. 2B) (31) . In contrast, antigen-specific antibodies were generally obtained after more than four rounds of biopanning when naive libraries constructed from nonimmunized chickens were applied. In addition, the entire procedure required to identify specific antibodies was 1 to 2 months using a phage display system, which is much more time-effective than traditional hybridoma technology that requires 3 to 4 months (32). Thus, considering the expense and time, phage display technology is further confirmed to be superior to hybridoma technology for selecting specific anti-B. multicinctus scFv antibodies in chickens, although the promiscuous pairing of V L and V H genes that occurred in the E. coli host may be disputable (25, 33) . This problem can be answered only by carrying out further experiments. However, since the main purpose of our study was to obtain a protein molecule(s) with binding activity to B. multicinctus proteins, it may be more appropriate to nominate these E. coliderived anti-B. multicinctus scFv molecules as "antibody-like molecules" or "recombinant B. multicinctus-binding proteins" to avoid such confusion.
In chickens, the functional variable V H and V L regions of antibody molecules are generated via various V-J region recombination (additional D for V H ), somatic mutation, and assorted heavy chains with light chains to create antibody diversity in most vertebrates (34, 35) . Among all of the CDRs of antibodies, CDR3 in the V H fragment is commonly considered to be the most divergent and the most important region against target proteins (36) . After comparing the amino acid sequences of selected anti-B. multicinctus scFv clones with that of the chicken germ line, we found that the total mutation rates of CDRs in both V L and V H fragments were 25% to 54% and 35% to 61%, respectively, while the total mutation rates of FRs in both V L and V H were 10% to 17% and 6% to 9% (Table 1; Fig. 3A) . It is notable that the mutation rates found in CDR3 of the V H fragments of BMS6 and BMS9 scFv antibodies were 90% and 85%, the highest numbers identified in all CDR regions of six analyzed scFv clones. Our results were in accordance with those reported in previous studies, indicating that somatic hypermutations to increase antibody affinity occurred more often in the CDR than in the FR of the rearranged V gene (34, 37) . These observations also suggested that the selected anti-B. multicinctus antibodies were generated by an antigen-driven immune response rather than being directly from the naive immunoglobulin repertoire.
It was also revealed that the CDR3 regions in the V H fragments contained 8 to 32 (mean, 16.2 Ϯ 3.2) amino acids in chickens, 89% of which contained 15 to 23 amino acids. This figure was similar to those in humans, containing 5 to 37 amino acids (mean, 16.1 Ϯ 4.1) (38) . However, BMS3, BML1, and BML10 had 14, 12, and 12 amino acids, respectively. Thus, 50% of our selected scFv antibodies had shorter CDR3 fragments than those reported in the previous studies. Additionally, the other 50% of scFv antibodies, including BMS1, BMS6, and BMS9 with 15, 20, and 20 amino acids in the CDR3 regions, respectively, were in the range (Table 1; Fig.  3A) . It is interesting to observe that the six scFv antibodies showed various levels of specific binding activity to B. multicinctus proteins. Furthermore, BMS6 exhibited weak cross-reactivity (OD ϭ 0.4) to the neurotoxic N. naja atra proteins while BML10 had weak cross-reactivity (OD ϭ 0.3) to D. russellii formosensis proteins (Fig. 4A) . All of the results together suggested that the length of anti-B. multicinctus scFv antibodies may play a limited role in their binding activity and specificity.
However, it is remarkable that BML1 and BML10 had the same V H but divergent V L usage as shown by the sequence alignment (Fig. 3A) . BML1 and BML10 scFv exhibited divergent OD readings on ELISAs (Fig. 4A ) and binding signals on Western blots (Fig. 4B) . These results suggested that the divergent V L fragments used by these two antibodies may make significant contributions to their cross binding specificity to D. russellii formosensis proteins and binding activity to B. multicinctus proteins. BMS6 recognized a protein band (85 kDa), which was distinct from that recognized by BMS9, BML1, and BML10 (12 kDa), suggesting they were elicited by two separated antigenic epitopes. Even though their identities need further characterization, the two proteins were estimated to be 0.5% and 33% in crude B. multicinctus venom proteins as analyzed by ImageJ software (39) . The amounts of B. multicinctus proteins that were required to reach 50% inhibitory effects on the binding activities of BMS6, BMS9, BML1, and BML10 were 13.82, 2.61, 3.07, and 3.31 g/ml, respectively (Fig.  5) . Thus, the dissociation constant (K d ) values of these four scFv antibodies were calculated to be 1.6 ϫ 10 Ϫ7 , 2.18 ϫ 10 Ϫ7 , 2.56 ϫ 10 Ϫ7 , and 2.76 ϫ 10 Ϫ7 M based on the Klotz plot method (40) . The mixture of the selected scFv antibodies provided partial protective effects in mice, suggesting that they possessed partial neutralization activity against the MLD of B. multicinctus proteins (Fig. 6C) . These results may be partially explained by the following descriptions: (i) previous studies reported that the bungarotoxin group in B. multicinctus venom is the major group of lethal proteins (4, 5, 41) ; (ii) homologous bungarotoxins have different levels of neurotoxicity or reacted with other components to synergistically increase the neurotoxicity (4); (iii) knowing the molecular mass of the bungarotoxins (Ͻ15 kDa), combined with the data shown in Fig. 4B , it was reasoned that anti-B. multicinctus scFv antibodies may only neutralize the neurotoxicity of a fraction of bungarotoxins (4) . Since the polyclonal anti-B. multicinctus IgY antibodies provided complete protection in mice (Fig. 6B) , it is believed that additional anti-B. multicinctus scFv antibodies in the original antibody libraries with neutralizing activities against the neurotoxicity of other bungarotoxins may be identified. Accordingly, as mentioned above, all of the anti-B. multicinctus scFv antibodies together would have great potential for the development of therapeutic treatments against snake envenomation in the future.
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